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Abstract

Like classical planning, the execution of high-level agent
programs requires a reasoner to look all the way to a final
goa state before even a single action can be taken in the
world. Thisdeferral isaserious problemin practicefor large
programs. Furthermore, the problem is compounded in the
presence of sensing actions which provide necessary infor-
mation, but only after they are executed intheworld. To deal
with this, we propose (characterize formally in the situation
calculus, and implement in Prolog) anew incremental way of
interpreting such high-level programs and a new high-level
language construct, which together, and without loss of gen-
erality, allow much more control to be exercised over when
actions can be executed. We argue that such a schemeis the
only practical way to deal with large agent programs contain-
ing both nondeterminism and sensing.

I ntroduction

In [4] it was argued that when it comes to providing high
level control to autonomous agents or robots, the notion of
high-level program execution offers an alternative to clas-
sical planning that may be more practical in many applica-
tions. Briefly, instead of looking for a sequence of actions
@ such that

Axzioms E Legal(do(@, Sp)) A é(do(@, So))

where ¢ is the goa being planned for, we look for a se-
guence a such that

Azioms E Do(8, Sg, do(a, Sp))

where 4 is a high-level program and Do(4, s, s’) is a for-
mula stating that § may legally terminate in state s' when
started in state s. By a high-level program here, we mean
one whose primitive statements are the domain-dependent
actions of some agent or robot, whose tests involvedomain-
dependent fluents (that are caused to hold or not hold by
the primitive actions), and which contains nondeterministic
choice points where reasoned (non-random) choices must
be made about how the execution should proceed.

What makes a high-level agent program different from a
deterministic “ script” isthat its execution isaproblem solv-
ing task, not unlike planning. An interpreter needs to use
what it knows about the prerequisites and effects of actions
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to find a sequence with the right properties. This can in-
volve considerable search when 6 is very nondeterministic,
but much less search when § ismore deterministic. Thefea-
sibility of thisapproach for Al purposes clearly depends on
the expressive power of the programming languagein ques-
tion. In [4], alanguage called ConGort.oG is presented,
which in addition to nondeterminism, contains facilities for
sequence, iteration, conditionals, concurrency, and priori-
tized interrupts. In this paper, we extend the expressive
power of thislanguage by providing much finer control over
the nondeterminism, and by making provisionsfor sensing
actions. To do so in away that will be practical even for
very large programs requires introducing a different style
of on-line program execution.

In the rest of this section, we discuss on-line and off-line
execution informally, and show why sensing actions and
nondeterminism together can be problematic. Inthefollow-
ing section, we formally characterize program execution in
the language of the situation calculus. Next, we describe an
incremental interpreter in Prolog that is correct with respect
to this specification. The final section contains discussion
and conclusions.

Off-line and On-line execution

To be compatible with planning, the ConGoroac inter-
preter presented in [4] executesin an off-line manner, inthe
sense that it must find a sequence of actions constituting an
entire legal execution of a program before actually execut-
ing any of them in the world.! Consider, for example, the
following program:

(alb) ;A p?

where @ and b are primitive actions, | indicates nondetermin-
istic choice, Aissome very largedeterministic program, and
p?tests whether fluent p holds. A legal sequence of actions
should start with either a or b, followed by asequencefor A,
and end up in state where p holds. Before executing a or b,
the agent or robot must wait until the interpreter considers
all of A and determineswhich initial action eventually leads
to p. Thus even a single nondeterministic choice occurring
early in alarge program can result in an unacceptable delay.

11t is assumed that once an action is taken, it need not be un-
doable, and so backtracking “in the world” is not an option.



We will see below that this problem is compounded in the
presence of sensing actions.

If a small amount of nondeterminism in a program isto
remain practical (as suggested by [4]), we need to be able
to choose between « and & based on some loca criterion
without necessarily having to go through al of A. Using
something like

(a]b) ;r?2;0;p?

here does not work, since an off-line interpreter cannot set-
tle for « even if it leads to a state where r holds. We need
to be able to commit to a choice that satisfies r, with the un-
derstanding that it isthe responsibility of the programmer to
use an appropriate local criterion, and that the program will
simply fail without the option of backtracking if p does not
hold at the end.

It is convenient to handle this type of commitment by
changing the execution style from off-line to on-line, but
including a specia off-line search operator. In aon-line ex-
ecution, nondeterministic choices are treated like random
ones, and any action selected is executed immediately. So
if the program

(alb) ;0 p?

is executed on-line, one of a or b is selected and executed
immediately, and the process continues with 4A; in the end,
if p happens not to hold, the entire program fails. We use a
new operator 2 for search, so that 24, where é is any pro-
gram, means “consider 4 off-line, searching for a globally
successful termination state”. With this operator, we can
control how nondeterminism will be handled. To execute

Z{(alb);r?};0;p?

on-line, wewould search for ana or b that successfully leads
to r, execute it immediately, and then continue boldly with
A. In this scheme, it is left to the programmer to decide
how cautious to be. There is no loss of expressive power
here since to execute a program the old way, we need only
put the entire program within a > operator.

Sensing actions

This on-line style of execution is well-suited to programs
containing sensing actions. Asdescribed in [5, 9, 15], sens-
ing actions are actions that can be taken by the agent or
robot to obtaininformation about the state of certain fluents,
rather than to change them. The motivation for sensing ac-
tions involves applications where because the initial state
of the world isincompletely specified or because of hidden
exogenous actions, the agent must use sensors of some sort
to determine the value of certain fluents.

Suppose, for example, that nothing is known about the
state of some fluent ¢, but that there is a binary sensing ac-
tion readq which uses a sensor to tell the robot whether or
not ¢ holds. To execute the program

a ;readq ;if ¢ then A; else A endIf ; p?

the interpreter would get the robot to execute a inthe world,
get it to execute readq, then use the information returned to

decide whether to continue with A; or A,. But consider the
program

(a]b) ;readq ; if g then A; else Az endlf ; p?.

An off-line interpreter cannot commit to a or b in advance,
and because of that, cannot use readq to determine if ¢
would hold after the action. The only option available is
to see if one or a or b would lead to p for both values of
q. This requires considering both A; and Az, even though
in the end, only one of them will be executed. Similarly, if
we attempt to generate a low-level robot program (as sug-
gested in [9] for planning in the presence of sensing), we
end up having to consider both A; and A;.
The situation is even worse with loops. Consider

(a]b) ; readq ; while ¢ do A ; readg endWhile ; p?.

Since an off-line interpreter has no way of knowing in ad-
vance how many iterations of the loop will be required to
make ¢ false, to decide between a and b, it would be nec-
essary to reason about the effect of performing A an arbi-
trary number of times (by discovering loop invariants etc.).
But if acommitment could be made to one of them on local
grounds, we could use readq to determine the actual value
of ¢, and it would not be necessary to reason about the de-
terministic loop. It therefore appears that only an on-line
execution style is practical for large programs containing
nondeterminism and sensing actions.

Characterizing program execution

The technical machinery we use to define on-line program
execution in the presenceof sensing isessentially that of [4],
i.e. we usethe predicates Trans and Final to define asingle
step semantics of programs [6, 13]. However some adap-
tation is necessary to deal with on-line execution, sensing
results, and the 2 operator.

Situation calculus

The starting point in the definition is the situation calculus
[12]. We will not go over the language here except to note
the following components: there is a special constant Sp
used to denote the initial situation, namely that situation in
which no actions have yet occurred; there isa distingui shed
binary function symbol do where do(a, s) denotes the suc-
cessor situation to s resulting from performing the action a;
relationswhose truth values vary from situation to situation,
are called (relational) fluents, and are denoted by predicate
symbols taking a situation term astheir last argument; there
is a specia predicate Poss(a, s) used to state that action a
is executable in situation s; finaly, following [9], thereisa
special predicate S-(a, s) used to state that action « would
return the binary sensing result 1 in situation s.

Within this language, we can formulate domain theories
which describe how the world changes as the result of the
available actions. One possibility is an action theory of the
following form [14]:

e Axioms describing the initial situation, So. Note that
there can be fluents like ¢ about which nothing is known
intheinitial state.



e Action precondition axioms, one for each primitive ac-
tion a, characterizing Poss(a, s).

e Successor state axioms, one for each fluent 7,2 stating
under what conditions F'(Z, do(a, s)) holds asfunction of
what holdsin situation s. These take the place of the so-
called effect axioms, but also provide a solution to the
frame problem [14].

e Unigue names axioms for the primitive actions.
e Some foundational, domain independent axioms.
Finally, asin [9], we include

e Sensed fluent axioms, one for each primitive action a of
the form SF(a, s) = ¢,(s), characterizing SF.

For the sensing action readq used above, we would have
[SF(readq, 5) = ¢(s)], and for any ordinary action a that
did not involve sensing, wewould use [SF(a, s) = true].

Histories

To describe arun whichincludes both actionsand their sens-
ing results, we use the notion of a history. By a history we
mean a sequence of pairs (a, =) where a is a primitive ac-
tionand = is 1 or 0, asensing result. Intuitively, the history
(a1, 21)-...-(an, z,) iSONewhereactionsas, ..., a, happen
starting in some initial situation, and each action a; returns
sensing value z;. Theassumptionisthat if a; isan ordinary
action with no sensing, then =; = 1. Notice that the empty
sequence € isahistory.

Histories are not terms of the situation calculus. Itiscon-
venient, however, to use end[, s] as an abbreviation for a
situation term called the end situation of history o on s, and
defined by: end[e, s] = s; andinductively, end[o-(a, ), s] =
do(a, end[s, s]).

Itisalso useful to use Sensed[«, s] as an abbreviation for
a formula of the situation calculus, the sensing results of
a history, and defined by: Sensed[e, s] = true; and induc-
tively, Sensed[o - (a, 1), s] = Sensed[, s]ASF(a, end[ s, s]),
and Sensed[o - (@, 0), s] = Sensed[, 5] A =SF(a, end[a, s]).
This formula uses SF to tell us what must be true for the
sensing to come out as specified by o starting in s.

The Trans and Final predicates

The on-line execution of a program consists of a sequence
of legal single-step transitions. In [4], two specia predi-
cates, Final and Trans were axiomatized, where Final(, =)
was intended to say that program é may legally terminate
in situation s, and where Trans(é, s, &', s’) was intended to
say that program 4 in situation s may legally execute one
step, ending in situation s’ with program &’ remaining. For
example, the transition axiom for sequenceis
Trans([81; 62], 5,8, 8") =
Final(61, s) A Trang(8,, s,6,s")  V
38" Trans(81, s, 8', s') A6 = (8 62).

2A fluent whose current value could only be determined by
sensing would normally not have a successor state axiom.

This says that to single-step the program (61; 2), either é;
terminates and we single-step 4, or we single-step 4, leav-
ing some §’, and (§'; 8,) iswhat isleft of the sequence.

For our account here, we include all the axiomsfor Trans
and Final from [4] (the details of which we omit), and add
two new ones below for the 2 operator. However, instead of
using these axiomsto characterize a Do formulafor off-line
execution, wewill use them together with sensing valuesto
define on-line execution.

In the absence of sensing, we have that an action a isa
legal next step for program 4 in situation s only when

Azioms | Trang(é, s, §’, do(a, 5))

for some remaining program 4’. With sensing however, the
existence of such an a may depend on the values sensed
so far. That is, if s isend[s, Sg] where o is the history of
actions and sensing values, a should be such that

Azioms U {Sensed[a, So]} [ Trans(s, s, &', do(a, s)).

In general, given history o starting in situation s, we look
for anext action a satisfying

Arzioms U {Sensed[r, s]} E
Trans($, end[a, s], &', do(a, end[s, s])).

Similarly, we are allowed to terminate the program é suc-
cessfully if

Azioms U {Sensed[r, s]} E Final(§, end[r, s]),

where again the history & can be taken into account.

How do we know that this specification isappropriate? It
is easy to see that if every sensing result in a history hap-
pensto be 1 (i.e. thereis no sensing information), then the
specification correctly reduces to the specification of ale-
ga single step from before. Moreover, we can see that it
corresponds intuitively to on-line execution, in that we get
to takeinto account the sensing information returned by the
current action before deciding on the next one. So if a hap-
pened to be the sensing action readq from above, and it re-
turned the value O in situation s, thenin looking for the next
legal action, wewould assume that —S=(readq, s) wastrue,
and thus, that —¢ held in situation s. So if §’ above were
[if ¢ then ... else ...], the correct else branch would be
taken for the next action.

Asnoted above, the only change we require to the axioms
for Transand Final isfor the X operator. For Final, we have
that (24, s) is afinal configuration of the program if (¢, o)
itself is, and so we get the axiom

Final(Z5,s) = Final(4, s).

For Trans, we have that the configuration (24, s) can evolve
to (Zv, s') provided that (6, s) can evolveto (v, s’) and from
(v, s") it is possible to reach afinal configuration in afinite
number of transitions. Thus, we get the axiom?®

Trang(Zé, s,8',s') =
Jy. 8" = Zy A Trans(s, s, v, s') A
Iy s" Trans' (v, s', ", s") AFinal(y"”, s").

3We do not attempt to deal with the subtleties that arise when a
search is performed with other programs executing concurrently.



In this axiom, Trans® is the reflexive transitive closure of
Trans, defined by

Trans' (6, 5,6, s') "2 WT[...>T(,s,8,5)]
where the ellipsis stands for

Vs, 7. T(y,8,7,8) A
Vs, 7,89, 8" 9" T(y, 5,9, ) A
Trans(v',s',7",s") D T(v,s,7",s").

The semantics of > can be understood asfollows: (1) (24, s)
selects from al possible transitions of (6, s) those from
which there exists a sequence of further transitions lead-
ing to afinal configuration; (2) the > operator is propagated
through the chosen transition, so that this restriction isalso
performed on successive transitions. In other words, within
a X operator, we only take atransition from é to+, if y ison
apath that will eventually terminate successfully, and from
~v we do the same. As desired, X does an off-line search
before committing to even the first transition.

An incremental inter preter

In this section we present asimpleincremental interpreter in
Prolog. Although the on-line execution task characterized
above no longer requires search to a fina state, it remains
fundamentally atheorem-proving task: doesacertain Trans
or Final formula follow logically from the axioms of the
action theory together with assertionsabout sensing results?

The challenge in writing a practical interpreter isto find
cases where this theorem-proving can be done using some-
thing like ordinary Prolog evaluation. Theinterpreter in[4]
as well asin earlier work on which it was based [10] was
designed to handle cases where what was known about the
initial situation Sy could be represented by a set of atomic
formulas together with a closed-world assumption. In the
presence of sensing, however, we cannot simply apply a
closed-world assumption blindly. As we will see, we can
till avoid full theorem-proving if we are willing to assume
that a program executes appropriate sensing actions prior
to any testing it performs. In other words, our interpreter
depends on a dynamic closed-world assumption where it is
assumed that whenever atest is required, the on-line inter-
preter at that point has complete knowledge of the fluents
in question to evaluate the test without having to reason by
cases etc. We emphasize, however, that while this assump-
tion isimportant for the Prolog implementation, it isnot re-
quired by the formal specification.

Themain loop

Asit turns out, most of the subtlety in writing such an in-
terpreter concerns the evaluation of testsin aprogram. The
rest of the interpreter derives almost directly from the ax-
iomsfor Final, and Trans described above. It isconvenient,
however, to use an implementation of these predicates de-
fined over encodings of histories (with most recent actions
first) rather than situations. We get

/* P is a program */
/* His a history, initially [] */
/* H::=1[] | [(Act,1/0)|H */

incrinterpret(P,H :- final (P, H.
incrinterpret(P,H :-
next Act (P, H, Act, P1), !,
execut e( Act, Sv),
incrinterpret(P1,[(Act,Sv)|H).
incrinterpret(P,H :-
trans(P,H P1,H), incrinterpret(P1,H).

next Act (P, H, Act, P1) :-
trans(P, H P1, [ (Act, )| H).

execute(Act, Sv) :-
wite(Act),
(senses(Act, ) ->
(wite(’:"), read(Sv)) ; (nl, Sv=1)).

So to incrementally interpret a program on-line, we either
terminate successfully, or we find a transition involving
some action, commit to that action, execute it in the world
to obtain a sensing result, and then continue the interpreta-
tion with the remaining program and the updated history.*
In looking for the next action, we skip over transitions in-
volving successful tests where no action isrequired and the
history does not change. To execute an action in the world,
we connect to the sensors and effectors of the robot or agent.
Here for simplicity, we just write the action, and read back
a sensing result. We assume the user has declared using
senses (described below) which actionsare used for sens-
ing, and for any action with no such declaration, we imme-
diately return the value 1.

Implementing Trans and Final
Clausesfortrans and f i nal are needed for each of the
program constructs. For example, for sequence, we have
trans(seq(P1, P2),H P, HLl) :-
final (P1,H), trans(P2,H P, Hl).
trans(seq(Pl, P2), H, seq(P3, P2), Hl) :-
trans(P1, H, P3, H1) .
which corresponds to the axiom given earlier. We omit the
details for the other constructs, except for Z (search):

final (search(P),H) :- final (P, H.

trans(search(P), H search(Pl), Hl) :-
trans(P, H P1, Hl), ok(P1, Hl).

ok(P,H :- final (P H).
ok(P,H :- trans(P,H P1,H, ok(Pl,H.
ok(P,H :- trans(P,H P1,[(Act,_ )|H),

(senses(Act, ) ->
( ok(PL,[(Act,0)|H) ,
ok(PL, [(Act, 1)[H) ) ;
ok(P1,[(Act,1)|H)).

Theauxiliary predicate ok hereisused to handlethe Trans*
and Final part of the axiom by searching forward for afinal

*In practice, we would not want the history list to get too long,
and would use some form of “rolling forward” [11].



configuration.® Note that when a future transition involves
an action that has a sensing result, we need the program
to terminate successfully for both sensing values. Thisis
clearly explosivein general: sensing and off-line search do
not mix well. It isprecisely to deal withthisissuein aflexi-
ble way that we have taken an on-line approach, putting the
control in the hands of the programmer.

Handling test conditions

The rest of the interpreter is concerned with the evaluation
of test conditions involving fluents, given some history of
actions and sensing results. We assume the programmer
provides the following clauses:

e poss( Act, Cond) : theaction ispossiblewhenthe con-
dition holds;

e senses( Act, Fluent) : the action can be used to de-
termine the truth of the fluent;®

e initially(Fluent):thefluentholdsintheinitial sit-
uation Sp;

e causesTrue( Act, Fluent, Cond) : if the condition
holds, performing the action causes the fluent to hold;

e causesFal se( Act, Fluent, Cond) : if the condition
holds, performing the action causes the fluent to not hold.

In the absence of sensing, the last two clauses provide acon-
venient specification of a successor state axiom for a fluent
F', asif we had (very roughly)

F(do(a, s)) =
d¢(causesTruea, F', ) A é[s]) V
F'(s) A ~I¢(causesFalse(a, F, ¢) A ¢[s]).

In other words, F' holds after a if @ causesit to hold, or it
held before and « did not cause it not to hold. With sens-
ing, we have some additional possibilities. We can handle
fluents that are completely unaffected by the given primitive
actionsby leaving out thesetwo clauses, and just using sens-
ing. We can also handle fluents that are partially affected.
For example, in an elevator controller, it may be necessary
to use sensing to determine if a button has been pushed, but
once it has been pushed, we can assume the corresponding
light stays on until we perform a reset action causing it to
go off. We can aso handle cases where some initial value
of the fluent needs to be determined by sensing, but from
then on, the value only changes as the result of actions, etc.
Note that an action can provide information for one fluent
and also cause another fluent to change values.

With these clauses, the transitions for primitive actions
and tests would be specified as follows:

trans(prim(Act), Hnil,[(Act,_)|H) :-
poss(Act, Cond), hol ds(Cond, H).

trans(test(Cond),Hnil,H :- holds(Cond,H).

5In practice, a breadth-first search may be preferable. Also,
we would want to cache the results of the search to possibly avoid
repeating it at the next transition.

The specification allows a sensor to be linked to an arbitrary
formula using SF; the implementation insistsit be a fluent.

where ni | isthe empty program. The hol ds predicateis
used to evaluate arbitrary conditions. Because we are mak-
ing a (dynamic) closed-world assumption, the problem re-
duces to hol dsf for fluents (we omit the reduction). For
fluents, we have the following:

hol dsf(F,[]) :- initially(F).
hol dsf (F, [ (Act, X)| H ) :-
senses(Act,F),!, X=1. /* Mnd the cut */

hol dsf(F, [ (Act, X)|H) :-
causesTrue(Act, F, Cond), hol ds(Cond, H).

hol dsf(F, [ (Act, X)|H) :-
not ( causesFal se(Act, F, Cond),
hol ds(Cond, H) ),
hol dsf (F, H).

Observethat if thefinal actionin the history isnot asensing
action, and not an action that causes the fluent to hold or not
hold, we regress the test to the previous situation. Thisis
where the dynamic closed-world assumption comesin: for
this scheme to work properly, the programmer must ensure
that a sensing action and its result appear in the history as
necessary to establish the current value of afluent.

Correctness

This completes the incremental interpreter. The interpreter
is correct in the sense that”:

e if thegoal fi nal (4, ) succeeds, then
Axioms U {Sensed[«, So]} E Final (4, end[o, So])
e if thegoal next Act (4, o, a, §') succeeds, then

AxiomsU {Sensed[, So]} E
Trang(é, end[a, Sol, &', do(a, end[a, Sg]))

But despite the very close correspondence between the ax-
ioms for Trans and Final and the clauses for t r ans and
final , actualy proving this correctnessis not trivial: we
need to show how the axioms of the background action
theory derive from the user-supplied Prolog clauses listed
above given our dynamic closed-world assumption. We
leave this to future research.

Discussion

The framework presented here has a number of limitations
beyond those already noted: it only deals with sensors that
are binary and noise-free; no explicit mention is made of
how the sensing influences the knowledge of the agent, as
in [15]; the interaction between off-line search and concur-
rency isleft unexplored; finaly, the implementation has no
finiteway of dealing with search over aprogram with loops.

One of the main advantages of a high-level agent lan-
guage containing nondeterminism is that it allows limited

"We keep implicit the translation between Prolog termsand the
programs, histories, and terms of the situation calculus



versions of (runtime) planning to be included within a pro-
gram. Indeed, asimple planner can be written directly:®

while —¢ do wa. (Acceptable(a)?; a) endWhile.

Ignoring Acceptable, this program says to repeatedly per-
form some nondeterministically selected action until condi-
tion ¢ holds. An off-line execution would search for alegal
sequence of actions leading to a situation where ¢ holds.
Thisis precisely the planning problem, with Acceptable be-
ing used as aforward filter, in the style of [2].

However, in the presence of sensing, it is not clear how
even limited formsof planning likethiscan behandled by an
off-line interpreter, since a single nondeterministic choice
can cause problems, as we saw earlier. The formalism pre-
sented here is, as far as we know, the only one that has a
chance of being practical for large programs containing both
nondeterministic action selection and sensing.

One concern one might have is that once we move to
on-line execution where nondeterministic choice defaultsto
being random, we have given up reasoning about courses
of action, and that our programs are now just like the pre-
packaged “plans’ found in rRaP [3] or PrRs [7]. Indeed in
those systems, one normally does not search off-line for a
sequence of actions that would eventually lead to some fu-
ture goal; execution reliesinstead on a user-supplied “plan
library” to achieve goals. In our case, with Z, we get the ad-
vantages of both worlds. we can write agent programs that
span the spectrum from scripts where no look-ahead search
is done and little needs to be known about the properties
of the primitive actions being executed, al the way to full
planners like the above. Moreover, our formal framework
allows considerable generality in the formulation of the ac-
tion theory itself, allowing disunctions, existential quanti-
fiers, etc. Even the Prolog implementation described hereis
considerably more general than many sTr1ps-like systems,
in allowing the value of fluentsto be determined by sensing
intermingled with the context-dependent effects of actions.

A more serious concern, perhaps, involves what we can
guarantee about the on-line execution of an agent program.
On-line execution may fail, for instance, even when aproper
sequence of actions provably exists. There is a difficult
tradeoff here that also shows up in the work on so-called
incremental planning [1, 8]. Even if we have an important
god that needsto be achieved in some distant place or time,
we want to make choices here and now without worrying
about it. How should | decidewhat travel agent to use given
that | have to pick up a car at an airport in Amsterdam a
month from now? The answer in practice is clear: decide
locally and cross other bridges when you get to them, ex-
actly the motivation for the approach presented here. It pays
large dividends to assume by default that routine choices
will not have distant consequences, chaos and the flapping
of butterfly wings notwithstanding. But as far as we know,
it remainsan open problem to characterize formally what an
agent would have to know to be ableto quickly confirm that
some action can be used immediately as afirst step towards
some challenging but distant goal .

8The = operator is used for anondeterministic choice of value.
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